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The behavior of NaCl nanoparticles as a function of relative humidity (RH) has been characterized
using non-contact environmental atomic force microscopy (e-AFM) to measure the heights of par-
ticles deposited on a prepared hydrophobic surface. Cubic NaCl nanoparticles with sides of 35 and
80 nm were found to take up water reversibly with increasing RH well below the bulk deliquescence
relative humidity (DRH) of 75% at 23◦C, and to form a liquid-like surface layer of thickness 2 to
5 nm, with measurable uptake (>2 nm increase in particle height) beginning at 70% RH. The maxi-
mum thickness of the layer increased with increasing RH and increasing particle size over the range
studied. The liquid-like behavior of the layer was indicated by a reversible rounding at the upper
surface of the particles, fit to a parabolic cross-section, where the ratio of particle height to maxi-
mum radius of curvature increases from zero (flat top) at 68% RH to 0.7 ± 0.3 at 74% RH. These
observations, which are consistent with a reorganization of mass on the solid NaCl nanocrystal at
RH below the DRH, suggest that the deliquescence of NaCl nanoparticles is more complex than an
abrupt first-order phase transition. The height measurements are consistent with a phenomenological
model that assumes favorable contributions to the free energy of formation of a liquid layer on solid
NaCl due both to van der Waals interactions, which depend partly upon the Hamaker constant, Afilm,
of the interaction between the thin liquid film and the solid NaCl, and to a longer-range electro-
static interaction over a characteristic length of persistence, ξ ; the best fit to the data corresponded to
Afilm = 1 kT and ξ = 2.33 nm. © 2011 American Institute of Physics. [doi:10.1063/1.3524195]

I. INTRODUCTION

Deliquescence—the phase transition from a solid to
a solution that occurs when, at a given temperature, the
relative humidity (RH) increases to the deliquescence RH
(DRH)—has long been studied in the fields of physical
chemistry,1, 2 condensed matter physics,3–5 nanoscience,6–9

and atmospheric science.10–15 For a given pure solute, the
value of the DRH depends weakly on temperature,16–18 and
the phase transition of the bulk material, which exhibits negli-
gible surface effects, is generally considered first-order.1 Re-
cent investigations, however, have demonstrated that uptake
of water on a dry solute can occur at RH less than the DRH,
both as monolayers of pure water5 and as bulk-like layers of
solution around a solid core.15 The physical interactions that
drive the uptake of water below the DRH remain unknown,
and different results for the maximum thickness of predeli-
quescent liquid layers for the minimum RH at which the up-
take first occurs have been reported.6–9, 15 Such uptake could
be important for atmospheric chemistry by providing a liquid
phase for chemical reactions, such as those responsible for de-
pletion of ozone in the lower troposphere at high latitudes in
the spring.19, 20
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Uptake of water by inorganic solutes at RH below the
DRH has been documented in several prior studies. Surface
x-ray diffraction experiments by Arsic et al. established the
presence of layers of water less than 1-nm thick on bulk
NaCl surfaces at RH as low as 45%.21 Early experiments by
Salmeron and colleagues used contact-mode AFM to con-
firm the presence of water on NaCl crystals at 40% RH by
showing that steps and other topological features migrate
over time as ions dissolve and diffuse.13, 14 Investigations
of water uptake on crystalline NaCl by Peters et al. using
Fourier-transform infrared spectroscopy (FTIR) demonstrated
reversible adsorption of water between ∼50% and 70% RH,22

but the FTIR method provided little information about layers
of water thicker than approximately 4 monolayers (i.e., at RH
above ∼70%).

Phase transitions of soluble inorganic salts have been
studied by a variety of techniques, some of which require
that the sample be deposited on an insoluble substrate prior to
measurement. The use of an electrodynamic balance, which
does not require such a substrate, is a very powerful method
to study levitated single particles and supersaturated solution
drops at RH ranging from near 0% to well above the DRH of
many common salts.10–12 This technique revealed an appar-
ently sharp, first-order transition from a crystal to a drop of so-
lution for pure NaCl.10 This phase transition was found to be
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kinetically irreversible: upon reducing the RH of the environ-
ment around a deliquesced NaCl particle to a value below the
DRH, the particle remained a (supersaturated) solution until
a nucleation event occurred at the so-called efflorescence RH
(∼45% at room temperature), at which point the water was
abruptly expelled and the particle returned to the solid state.
An individual particle could be repeatedly cycled through the
deliquescence/efflorescence phase transition.10–12

Spectroscopic methods, which also need not require an
underlying substrate,23, 24 have been used to measure the
thickness of an aqueous layer on solid particles flowing in
moist air. These techniques, and also differential mobility
analysis,25, 26 can detect changes of a few nanometers in the
radius of particles with diameter less than 1 μm by examin-
ing ensembles of particles and extracting an average effect.
In general, these methods have difficulty revealing any subtle
changes in topology, although Mifflin et al. have used mo-
bility analysis to infer morphology indirectly in work that at-
tributes variable rates of water uptake in ammonium bisulfate
particles to differences in their morphology.27

Scanning probe techniques allow determination of the
size and shape of individual particles smaller than ∼500 nm
across mounted on a substrate. Using scanning polarization
force microscopy (SPFM) with an AFM tip held at an oscil-
lating electrical potential relative to the sample, Arima et al.9

reported that KBr particles initially less than 30 nm in height
at 20% RH increased by more than 15 nm in height at 71% RH
(i.e., well below the bulk deliquescence point of near 80% at
room temperature28). This technique is particularly sensitive
to the electrostatic forces between the tip and the polarized
sample, and therefore to the concentration of dissolved ions
near the liquid-air interface. Because the force between the
sample and probe tip is sensitive to changes in both the height
and the polarizability of the sample, Arima et al. noted that
apparent increases in height are likely due to both adsorption
of water onto the sample and solvation of ions in the liquid
layer. The technique is somewhat insensitive to changes in the
morphology of particles because the probe scans at a working
distance of up to 20 nm above the sample and the edges of
particles often blur over tens of nanometers, such that a dry
30-nm cubic particle many appear to be 30 nm high but per-
haps more than twice as wide.

The size and shape of an individual particle mounted on
a substrate are also amenable to investigation by environmen-
tal transmission electron microscopy (ETEM). The groups
of Martin and Buseck have used ETEM to observe liquid
“shells” around a solid NaCl core between 72% and 76%
RH.7, 8, 15 Their ETEM studies primarily examined particles
∼1 μm in width. In the same group, Wise et al. showed that
NaCl nanocrystals with sides between 100 nm and 3 μm can
exhibit reversible adsorption of layers of water up to almost
100 nm thick prior to deliquescence,15 and onset of water up-
take by dry NaCl particles was reported at all RH greater than
72%. As with SPFM, the apparent change in particle height
measured by this technique is affected by both the polariz-
ability and size of the sample.

The present study reports changes in the size and shape
of NaCl nanocrystals as a function of RH as characterized
by noncontact e-AFM. The e-AFM technique is sensitive pri-

marily to changes in the size and shape of the particle, and
only very weakly to changes in the chemical composition or
dielectric constant. At values of RH several percentage points
below the bulk deliquescence point of 75% at 23◦C, the height
of NaCl particles is found to increase by 2–5 nm. During the
uptake of water a change in shape occurs in which the ini-
tially flat upper face of the particles becomes rounded. The
observed changes in both height and shape are reversible and
continuous, and are incompatible with an interpretation that
posits a strong dependence of the measured height on the
dielectric constant of the measured surface, as proposed by
Miura et al. for a system that used noncontact AFM to study
related salts.29 The model presented below strongly suggests
that the liquid layer consists of a concentrated ionic solution.

A model is presented for the height of the liquid layer on
an NaCl particle as a function of RH. This model is based on
measurements and models of adsorption of liquids onto insol-
uble substrates as originally observed by Derjaguin,30, 31 who
used ellipsometry (“optical micropolarization”) on quartz and
glass substrates in the presence of water and other solvents in
vapor to show that many of the vapors, including water, con-
densed and formed layers that were several nanometers thick.
Models of these experiments due to Kuni32, 33 and Shchekin34

included van der Waals forces—responsible for the initial
adsorption of water—and an additional attractive force due
to electrostatic layers on the presumably charged surface of
the solid substrate. These models predicted that the thickness
of the double layer would be approximately 2 nm, which is
shorter than the Debye screening length expected from disso-
ciation of ions at the solid-liquid interface (∼10 nm), and near
the Debye screening length of a 50 mM aqueous solution of
monovalent ions.

II. EXPERIMENTAL

A. Substrate preparation

Silicon wafers (3 inches in diameter, 500 μm thick;
University Wafers; South Boston, MA) were cut into pieces
∼1 cm2 in area, treated with UV-generated ozone plasma in
a UV-oven (Bioforce Nanoscience; Ames, IA) for 30 min-
utes, immersed in a 1:500 (by mass) solution of octadecyl-
trichlorosilane (Gelest; Morrisville, PA) in chloroform for
3 hours, rinsed with chloroform, reoxidized for 5 minutes
in the same UV-oven, and cleaned for 15 seconds with a jet
of supercritical carbon dioxide. Oxidizing silane-treated sub-
strates for 5 minutes prior to NaCl deposition caused the static
contact angle with water to decrease from 109◦ on silicon
freshly treated with silane to ∼75◦. This decrease in contact
angle corresponds to a slight decrease in the surface free en-
ergy of the substrate regions, and helps to hold NaCl nanopar-
ticles in place during AFM scans.

B. Deposition of NaCl aerosol

A solution of 0.1% Puratronic 99.999% pure NaCl with
no anticaking additives (Alfa Aesar; Ward Hill, MA) in
Milli-QTM purified water (Millipore; Billerica, MA) was
chilled in an ice bath (∼2◦C), atomized at 20 psi by a flow
of 95%/5% nitrogen/argon in a TSI model 9302 atomizer
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FIG. 1. Topography of a 83-nm (dry) wide NaCl particle at 52% RH after correcting for the tilt of the substrate (A). Contour plot of the particle. Contours are
spaced by 5 nm. Also indicated are fast and slow scanning directions. The colored horizontal lines correspond to the points in (B). (B). Cross-sectional profiles
of the NaCl particle shown in (A). (C). Histogram of the measured heights that correspond the the magenta region in (A). (D). Histogram of the measured
heights that correspond to the gray circular region at the center of (A) (the “central region”).

(TSI; Shoreview, MN), passed through a polycarbonate
filter, (United Filtration Systems; Fraser, MI), passed through
30 cm of tubing heated to 40◦C, slowed to a velocity of
∼5 mm s−1 by adjusting a T-junction valve, and allowed to
deposit onto a piece of treated silicon wafer in a glass chamber
for 5 min to reach coverage of approximately 4 particles per
μm−2 (greater particle densities complicated AFM imaging).
A 1 g L−1 solution of NaCl was found to produce cubic crys-
tals in a range of widths from ∼30 nm to ∼150 nm, with typ-
ical width near 100 nm. The experiments reported here were
conducted only with the approximately cubic crystals gener-
ated using the 1 g L−1 solution.

C. Calibration and use of the e-AFM

The force of attraction between the sample and the AFM
tip in non-contact mode can be approximated as directly pro-
portional to ARd−2, where d is the vertical working distance
between the tip and the sample (5–10 nm), R the radius of
curvature of the tip (10–20 nm), and A the Hamaker constant
of the interaction between the tip and the sample (typically
1–10 kT ).35 The method for calibrating vertical distances
measured by the noncontact AFM apparatus uses samples
composed of a single material and implicitly assumes that the
working distance, d, between the AFM tip and the sample is
constant during the measurement. This assumption requires
that a single value of the Hamaker constant characterize the
entire surface of the calibration standard. Standards composed
of a single material fit this assumption; real samples with one
material, such as NaCl, deposited unevenly on a different sub-
strate, such as silicon, do not strictly fit, but it can be shown
from the dependence of the attractive force on the Hamaker
constant and working distance that the distances maintained

over different regions of the sample, dNaCl and dSi, do not
differ by more than 2 nm as long as the Hamaker constants
for those regions, ANaCl and ASi, do not differ by more than a
factor of three. For measurements in air on nonmetallic con-
densed phases such as NaCl, Si, water, or NaCl solution, the
Hamaker constants are unlikely to differ by more than 50%.36

This work therefore assumes that only negligible error in
height measurements is introduced by the differing Hamaker
constants that characterize the interaction of the tip with dif-
ferent regions of the sample or substrate as RH changes.

All AFM data were acquired on a PicoPlusTM AFM
(Agilent; Santa Clara, CA) using NSC15/AlBS silicon AFM
probe tips (30◦ cone angle; MikroMasch; Sofia, Bulgaria) and
PicoScan 5.0 software (Agilent, Santa Clara, CA). The AFM
was calibrated in the x-, y-, and z-directions using known cal-
ibration standards (MikroMasch; Sofia, Bulgaria), and height
measurements were estimated to be accurate to ±0.1 nm
instrumental error. During a scan, the tip scans the parti-
cle from front to back in the fast direction, then moves one
pixel along the slow direction [see Fig. 1(a)] and repeats this
process until the particle is completely scanned. Acquiring
each image requires 2–3 minutes. One such scan is shown in
Fig. 1(a), with cross-sectional profiles shown in Fig. 1(b).

The RH of the AFM chamber was measured by a HIH-
3610 humidity sensor (Honeywell; Freeport, IL) with a pre-
cision of ±0.5 percentage point and an accuracy of ±2 per-
centage points, calibrated at regular intervals against saturated
solutions of NaCl, KCl, and KBr.35, 37 All experiments were
performed at 23 ± 1◦C.

The data for each particle were taken over a period of
3 hrs, during which the RH was varied cyclically: from an
initial RH of 50%, followed by gradual increases of 1–2 per-
centage points until the RH reached 73% or higher, at which
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time the RH was decreased to approximately 65%. The AFM
chamber reached equilibrium at a new value of RH within 5–
10 minutes of changing the setting. Each experiment included
3–4 of these cycles, although the final scans from some of
the experiments were omitted if the particle appeared to have
been modified by the tip.

An inherent limitation of AFM is that because the tip has
finite curvature, it cannot accurately image features of a sam-
ple that have a radius of curvature less than that of the tip it-
self. In addition, after hours of use and occasional unintended
contact with the sample, the radius of the curvature of the
AFM tip may increase; images acquired with worn tips ex-
hibit distortions at the sharp corners of the sample. In the ex-
periments reported here, only new, unworn tips with radii of
curvature 10–20 nm were used. Data obtained for the nearly
flat central region of the top face of a cubic sample are unaf-
fected by curvature of the tip; the height in this area can be
measured to a precision of ∼0.1 nm, as noted above.

During an experiment, the resonant frequency of the
AFM tip (and cantilever) was found to decrease with in-
creasing RH, likely because of condensation of a minuscule
amount of water onto the tip; as RH was restored the res-
onant frequency returned to its initial value. Other inves-
tigations have reported that an increase in RH from 30%
to 80% reduced the resonant frequency of an AFM tip by
300–500 Hz.38, 39 Owing to the feedback loop that maintains a
constant chosen set-point amplitude of oscillation of the tip, a
decrease in the resonant frequency without retuning the cho-
sen frequency of excitation would cause the tip to move away
from the sample. This effect would eventually lead to a loss of
topographical contrast (i.e., range of heights measured) in the
AFM images as RH increases (decreasing RH leads to the re-
verse), and also to loss of any measurable interaction between
the sample and the tip. The frequency of the driving voltage
was therefore manually reduced by 50 Hz per 3 percentage
points RH over 60% to compensate for the shift in resonant
frequency.

Each experiment began with a chosen set-point amplitude
of 2 V. Directly adjusting the driving voltage and set-point
amplitude during the experiments allowed the instrument to
maintain noncontact mode over the entire range of RH. The
presence of at least several nanometers of topographical con-
trast indicated that the tip was sufficiently close to the surface,
and the presence of no more than 0.05 V of phase contrast
(in oscillations of the tip) indicated that the tip did not touch
the surface or approach it too closely.35, 37 The PicoScan soft-
ware provided both topographical contrast and phase-contrast
in real time during scans.

D. Data analysis

The raw AFM data were extracted by the WSxM soft-
ware package40 (Nanotec; Madrid, Spain) for statistical anal-
ysis using R statistical software (http://r-project.org). Each
pixel of raw data gives the height at one point of the sample
relative to the height of the first point approached by the AFM
at the beginning of the experiment. The effect of the tilt of the
substrate and the approximately parabolic distortion in the po-
sition of the AFM tip in the fast direction (i.e., top to bottom

of Fig. 1(a)) was accounted for by subtracting from all heights
a paraboloidal fit of the substrate height. After such correc-
tion, the dataset yielded an array of height measurements that
included a distribution of heights for the substrate floor (see
Fig. 1(c)) and a distribution of heights for the nearly flat cen-
tral region at the top of each NaCl particle (Fig. 1(d)). Dry
particles were found to have flat tops (to within less than 0.5
nm) at 50% RH; a circle with diameter 90% of the height
of the flat dry particle was used to bound the central region
for which change in height was determined in subsequent
measurements and higher RH [grey region in Fig. 1(a)]. At
each RH, the height measurements of this central region was
also fitted to a paraboloid, and the height of the vertex of the
paraboloid relative to the substrate is reported as the height of
the particle. The vertical error bars on each reported height for
a given particle (Figs. 2 and 3) represent the standard error of
the mean height of a known standard (±0.1 nm; see above),
plus the standard errors of the two statistical fits: that of the
substrate floor and the top of the particle, all added in quadra-
ture (i.e., assuming independent errors). The horizontal error
bars represent total uncertainty of ±2.1 percentage points in
the measurement of RH, as reported by the manufacturer.

Because measurements of the dimensions of imaged par-
ticles are distorted by the finite dimensions of the AFM tips,
the AFM method does not provide an accurate measure of
changes in the volume of nanoscale samples. The changes in
particle dimensions due to water uptake are reported here as
changes in height, which for this technique is a more reliable
measure of water uptake by the particles than are changes in
volume. If the shape of the AFM tip were accurately known,
it might be possible to remove some of the errors in shape
due to these convolution effects; however, it is not possi-
ble to remove all such errors.41 All data presented here re-
sulted from studies of particles that produced AFM images at
∼50% RH consistent with approximately cubic profiles and
sharply sloping (if not vertical) walls. Deconvolution accord-
ing to Villarrubia’s routines41 reduced the distortion near the
edges of the particles, but did not substantially change either
the mean height of the central region or its standard error, as
has been showed by numerous studies using scanning probe
techniques.42–44

III. RESULTS

A. Noncontact AFM of dry salt crystals

A typical AFM scan of the height of a dry NaCl par-
ticle at 52% RH, rendered as a contour plot, is shown in
Fig. 1(a). The AFM tip scanned the particle from the top to
the bottom of the figure (the fast direction), line by line, fol-
lowed by scrolling one pixel from left to right (the slow direc-
tion). Cross sections are shown in Fig. 1(b). This 83-nm high
particle exhibited a flat central region approximately 75-nm
wide, after correction for the tilt of the substrate. The height
measurements of the central region of the particle were not ad-
justed separately from the correction for this tilt, so the result
that the central region and the substrate are parallel emerges
directly from the measurements.

The tilt of the cantilever relative to the substrate con-
tributes to asymmetry in the slow direction of scanning.
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Measurements taken along the x-direction in Figs. 1(a) and
1(b) exhibit a sharp increase in height as the tip moves from
left to right onto the particle, but a comparatively gradual de-
crease in height as the tip moves off the particle. This asym-
metry did not decrease with decreasing speed of scanning,

The bottom-to-top asymmetry as shown in Fig. 1(a) oc-
curs because, at any given speed of scanning, the feedback
loop in the instrument software adjusts the vertical position
of the AFM tip more quickly to increases in the height of
the sample than it does to decreases. Owing to the nonlin-
ear force of interaction, approximated as F ∝ −d−2, an in-
crease of tens of nanometers in the height of the sample as
the tip moves onto a NaCl particle will lead to a large in-
stantaneous increase in the interaction, whereas an identical
decrease in the height as the tip moves off of the particle will
cause only a small instantaneous decrease in the strength of
the interaction.35 In both cases, the feedback loop in the in-
strument adjusts the height of the scanner to compensate for
the instantaneous change in the force of the interaction and
maintain a constant vertical working distance. As a result,
AFM scans show an abrupt increase in height at the leading
edge of a particle [top of Fig. 1(a)] but a gradual decrease in
height at the trailing edge [bottom of Fig. 1(a)]. Reducing the
rate of the scan in the fast direction or reducing the gain of the
instrument reduces the appearance of this asymmetry. Despite
the asymmetry, the measured height of the central region of
the particle [Fig. 1(d)] relative to the substrate on which it sits
[Fig. 1(c)] does not change with increasing rate of scanning,
because the distorted region is outside of the central region.

B. Deliquescence

A reversible increase in particle height (greater than
20-nm increase from the height at 50% RH for a ∼90-nm
particle) occurred near 75% RH at 23◦C (Fig. 2). At RH

FIG. 2. Height of a 90-nm (dry) NaCl nanoparticle as a function of RH.
Numbered data denote the order of measurement. Vertical uncertainties in
represent the total standard error in the height of the plateau and of the
substrate floor, and error due to instrumental noise added in quadrature. Hor-
izontal uncertainties represent the uncertainties in the RH probe of ±2.1 per-
centage points.

above the DRH, particles grew irreversibly by several tens
of nanometers in the 5–15 minutes required to complete two
scans. Such rapid growth may have caused the tip to touch the
liquid particle during a scan, and the possibility of contact—
and therefore transfer of material—between the tip and a
particle scanned at RH above the DRH cannot be excluded.
Quantitative comparisons of particle height before and after
such growth is not possible, and for this reason measurements
taken after the images corresponding to point “18” on Fig. 2
are not shown.

As the RH increased from 65% to 74%, the particle
in Fig. 2 appeared to undergo a gradual increase in height
of approximately 3 nm. The order in which RH was var-
ied suggests that this increase in height is reversible, and
that this apparent uptake of water by NaCl at 65–75%
RH is not deliquescence. Subsequent experiments in this
study therefore focused on confirming and quantifying the
hygroscopic behavior of NaCl nanoparticles at RH below
the DRH.

C. Increase in height at RH below deliquescence

The heights of two typical particles relative to the sup-
porting substrate as a function of RH are shown in Figs. 3(a)
and 3(c). These data are representative of results from sev-
eral identical experiments and were reproducible over the
course of 3 hrs; the behavior of the samples did not ap-
pear to change when repeated measurements were conducted
within 2–3 days of an initial experiment. At RH less than
approximately 65% the height of one particle remained at
or below 83 nm [Fig. 3(a)]. As RH increased above 65%
the height of the particle began to increase, and at about
70% RH the increase became statistically significant; be-
tween 65% and 75% the height of the particle increased 5
± 1 nm. During the 3-hr experiment, the measured height
of the particle at a given RH did not depend on the past
history of the particle, and the increase in particle height
was found to be reversible. Reversible uptake of water by a
32-nm high NaCl particle also began between 65% and 75%
RH [Fig. 3(c)]. The height of the 32-nm high particle in-
creased by 3 ± 1 nm over the same range of RH.

The measurements shown in Figs. 3(b) and 3(d) give the
heights measured across the central region of the particle—for
example, the intersection of the red line and the gray circle in
Fig. 1(a). By focusing on the central region, these measure-
ments show that at 72–75% RH, the particles became notice-
ably rounded. This rounding was reversible between 70% and
75% RH, and was quantified by fitting cross-sectional height
measurements taken in the central region of the particle along
the slow scanning direction to a quadratic, where the radius
of curvature, ρ, is evaluated at the vertex. These fits demon-
strate that both an increase in height and greater rounding of
the top surface are associated with the uptake of water, and
ρ decreased from approximately 6 times the size of the parti-
cle near 60% RH to 1.5–2 times the particle size at 74% RH.
Additionally, ρ appeared to increase with increasing particle
size; at 74% RH, ρ for the 32-nm particle was approximately
half that for the 83-nm particle.
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FIG. 3. NaCl nanoparticle height as a function of RH and position on crystal. (A). Height of a 83-nm (dry) NaCl nanoparticle as a function of RH, reported as
the vertex of a parabaloid fit (see Fig. 1). (B). Height of the particle in (A) along a cross-section across the x-direction near the center of the particle at three
values of RH [see blue line in Fig. 1(a)]. (C.) Height of a 32-nm (dry) NaCl nanoparticle as a function of RH. (D.) Height of the particle in (C) measured along
a cross-section of the central region at different values of RH. Numbered data in (A) and (C) denote the order of measurement. Uncertainties in (A) and (C) are
as in Fig. 2. Curves in (B) and (D) denote quadratic fits; ρ denotes the radius of curvature at the vertex of the curve. Uncertainties in (B) and (D) represent the
standard error due to instrumental noise.

IV. Discussion

A. Surface contaminants

Volatile organic molecules are known to adsorb non-
specifically onto samples except in ultra-high vacuum, and
these contaminants may behave as surfactant coatings that
affect the uptake of water on solid salts. The possibility
of such contamination cannot be excluded in the present
study; however, the reproducibility of height measurements
suggests that only negligible contamination occurred over
the course of each experiment, or alternatively that whatever
contamination occurred was of negligible consequence. Ad-
ditionally, previous work by Martin and others confirmed that
deposition of aerosols by an atomizer did not result in sam-
ples that were more contaminated than samples generated by
sublimation.15

B. Uptake of water

By using e-AFM to investigate the uptake of water by
NaCl nanocrystals, we have shown that reversible adsorp-
tion of 2–5 nm of water occurs at lower RH than the abrupt,
irreversible transition to the aqueous phase that constitutes
deliquescence. Our data also indicate that either the layer
of water is not of uniform thickness, and is instead thickest
near the center of the particle face, or, alternatively, that the
corners or edges of the crystal dissolve first, leading to the
rounded shape. Distortions primarily due to convolution of
the crystal edges with the AFM tip prevent exclusion of the
latter possibility. The onset of measurable uptake of water ap-
pears to occur at RH as low as 65%, and the measured in-
crease in height exceeds the uncertainty in measurements at
70% RH.
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The interpretation of the present measurements assumes
that all observed liquid layers at RH below DRH are NaCl-
water solutions. Such solutions would normally be supersat-
urated, although the extent of supersaturation would be small
at RH only a few percentage points below the DRH. Interest-
ingly, the coexistence of phases observed below the DRH on
these particles differs from the expected state of the macro-
scopic system evidently due to the presence of additional
forces acting on the layer. Crystals over 10-nm in size are too
large to be subject to Kelvin or curvature effects that can be
detected by the current method at the RH values under con-
sideration. A possible explanation for the observed behavior is
that the steps, edges, or faces of the NaCl crystal may dissolve
more readily than the bulk. In such situations, only a small
fraction of the crystal mass, near the surface, is likely to be
available for solvation, because steps and other irregularities
do not persist deep into the solid. The e-AFM method used
here cannot directly measure the composition of the layer,
which must therefore be inferred through extension of bulk
thermodynamic models into the thin-layer regime. Because
changes in heights as measured are only a few nanometers,
this discussion assumes that the total thickness of the liquid
layer is indeed the change in height of the NaCl particle rela-
tive to the height measured at 50% RH.

The current results differ from the most closely related
recent work on the uptake of water by NaCl surfaces in
two respects. First, the present study demonstrated measur-
able changes in height at RH values less than those found in
earlier investigations. In effect, the sensitivity of e-AFM to
height differences of ∼1 nm allowed elucidation of the transi-
tion from the several layers of water, as observed by Ewing,5

Shindo,45 and Cantrell,4 to the liquid layers many nanometers
in thickness observed by SPFM as employed by Salmeron’s
group9, 14, 46 and ETEM as employed by Buseck, Martin, and
colleagues.7, 8, 15

Second, the relative height change in particles at a given
RH reported here is less by a factor of 2–4 than that re-
ported earlier in studies using the SPFM or ETEM tech-
niques. A possible explanation is that the non-contact e-AFM
method relies on van der Waals interactions rather than elec-
trostatic interactions, which are used by the SPFM and ETEM
techniques. If the electrical properties of the sample do not
change during such experiments, then SPFM and ETEM do
effectively measure changes in height. If, however, ions do
dissolve into the aqueous layers, then both the physical thick-
ness and the electrical polarizability of the sample increase,
and hence such techniques would overestimate the amount of
water on the sample by confounding the effect of increasing
polarizability with that of increasing height. In the present
study by e-AFM, changes in the polarizability of the sam-
ple with changing RH affect the measurement only indirectly,
through the Hamaker constant, which would be only negligi-
bly affected as the air-particle interfaces changes with increas-
ing RH from air-solid NaCl (at RH below 45%) to air-water
as pure monolayers spread (between ∼45% and ∼60%) to
air-solution near deliquescence.36 The method of noncontact
e-AFM is therefore particularly suited to characterization of
changes of heights of particles whose phase or composition
changes over the course of the experiment.

C. Modeling the uptake of water at RH below
the bulk DRH

Important properties of the liquid layers observed at RH
below the bulk DRH that must be accurately represented in
a model are reversible formation, persistence at a given RH,
and maximum height. Here a simple phenomenological ther-
modynamic model of formation of these layers is presented
which incorporates the reversible work, Wtotal(�), required to
form a layer of thickness � at a given value of RH. The model
comprises three terms: the unfavorable bulk thermodynam-
ics of forming a solution layer below the bulk DRH, Wcap(�);
favorable van der Waals forces between molecules of water
vapor and the solid surface, WvdW(�); and an additional attrac-
tive term attributed to electrostatic interactions in the layer,
Wexp(�)

Wtotal(�) = Wcap(�) + WvdW(�) + Wexp(�). (1)

The present data are incompatible with a model that omits
the electrostatic term, even for a Hamaker constant of the
interaction between the solid surface and water vapor, Afilm

= 100kT , which is far too large to be physically realistic. A
derivation and discussion of each term follows below.

The layer is assumed to be infinitely thin and the capillary
approximation is made wherein bulk properties are assigned
to the material in the layer.47 The Gibbs free energy of the
vapor-particle system in the capillary approximation is

G A = (N1 − n1)μv
1 + n1μ̄

sol
1 + n2μ̄

sol
2

+(N2 − n2)μ̄c
2 + σclS + σlvS (2)

where μv
1 and μ̄sol

1 are the chemical potentials for water in va-
por and in solution, n1 and n2 are the number of molecules
of water and NaCl ion-pairs in solution, respectively, and μ̄sol

2
and μ̄c

2 are the chemical potentials for salt in solution and in
the crystalline phase, respectively. The surface tension at the
crystal-liquid and liquid-vapor interfaces are given by σcl and
σlv, and S gives the surface area of the respective interface.
The total number of water molecules and NaCl ion pairs ir-
respective of phase are given by N1 and N2. In evaluation of
differences in free energy terms N1μ

v
1 and N2μ̄

c
2 cancel, leav-

ing G A in terms of contributions from the surface free ener-
gies of the two interfaces and the intervening solution, and an
effectively constant term C

G A = G A(n1, n2) = n1
(
μ̄sol

1 − μv
1

)
+n2

(
μ̄sol

2 − μ̄c
2

) + σclS + σlvS + C (3)

where C = N1μ
v
1 + N2μ̄

c
2 depends only on temperature, RH,

and the quantities of water and NaCl in the system.
It is assumed that near the measured bulk DRH, 75%,

a liquid layer of solution is always present. Free energies
will be computed relative to the thin-layer reference state,
defined as

GTL ≡ G A(0, 0) = σclS + σlvS + C (4)

for which n1 and n2 are negligibly small (� = 0), and the
interfaces remain intact, but are assigned zero thickness
consistent with the capillarity approximation. The solution-
thermodynamic contribution to the reversible work required
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to create a layer thicker than the thin liquid layer of the refer-
ence state is therefore defined at any specified value of RH by

Wcap(n1, n2) = G A(n1, n2) − GTL

= n1
(
μ̄sol

1 − μv
1

) + n2
(
μ̄sol

2 − μ̄c
2

)
. (5)

The first term on the right-hand side of Eq. (5) vanishes
because μ̄sol

1 = μv
1 for water vapor in equilibrium with the so-

lution layer across a flat surface. The second term vanishes
only at the bulk DRH, under which condition water vapor
is in equilibrium with NaCl solution and μ̄sol

2 = μ̄c
2. Thus, at

the bulk DRH, Wcap = 0 and no work is required to form the
layer, but at any RH < DRHbulk, positive work is required.

For an ideal solution obeying Raoult’s law, x1

= RH/100, where x1 is the mole fraction of water in the so-
lution layer, and x2 = 1 − x1 is the mole fraction of NaCl.
Equation (5) simplifies to

Wcap(n1, n2) = n2
(
μ̄sol

2 − μ̄c
2

) = n2kT ln

(
x2

x̄2

)
. (6)

For a nonideal solution the mole fraction ratio should be
replaced by the solute activity as described below. The mole
fraction of NaCl in a bulk-saturated solution, x̄2 = 0.25 cor-
responds to x̄1 = 0.75 at DRH =75%. For any RH < DRH,
x2 > x̄2, so the logarithm is positive and forming the layer
requires expending work.

Each NaCl ion pair brings n1/n2 molecules of water to
the layer, so the total volume of the layer is given by

V = �S = (n1v1 + n2v2) (7)

where v1 and v2 are the molecular volumes of water and salt
in the layer. Combining Eqs. (6) and (7) yields W̃cap(�), the
work, per unit area, required to form a layer of thickness �, as

W̃cap(�) = �
kT ln

(
x2
x̄2

)
(

v2 +
(

n1
n2

)
v1

) = � × αRH. (8)

The fraction in Eq. (8), abbreviated as αRH, is easily eval-
uated as a function of RH for values of v1 and v2 characteristic
of the salt. For a real solution, the activity of the salt replaces
the mole fraction ratio. The activities and partial molar vol-
umes (as functions of mole fractions) must be used and can
be estimated from thermodynamic data of water uptake, such
as reported by Tang,12 using Gibbs-Duhem integration.48 Ac-
tivities obtained from the Tang measurements were used in
the fits presented below.

The energetically favorable contribution to the formation
of a liquid layer due to van der Waals interactions between liq-
uid and solid is conveniently expressed in terms of the force,
per unit area, required to separate the bounding solid and va-
por phases,

�(�) = −dP(�)

d�
= Afilm

6π�3
, (9)

where Afilm is the Hamaker constant (typically between
1kT and 10kT for two nonconducting condensed phases

interacting across air36) and P(�) gives the surface free en-
ergy, per unit area. Integration over � gives the energetic con-
tribution by van der Waals forces,

W̃vdW(�) = Afilm

12π�2
. (10)

A phenomenological contribution to the energy of for-
mation of liquid layers on insoluble nuclei proposed by
Widom,32 Kuni,33 and others34 is

W̃exp(�) = K ξexp

(−�

ξ

)
. (11)

According to these investigators, an electrical double
layer exists at the solid-liquid interface, with a characteristic
length, ξ , on the order of the Debye screening length. Widom
noted that the parameter ξ characterizing the uptake of polar
solvents onto solid particles can be 10 times the radius of sol-
vent molecules.32 Kuni et al. suggested that both the prefactor
K and the length-scale ξ must be empirically determined.33

Shchekin et al.34 broadened this model to treat soluble nuclei,
but they did not equate ξ with the Debye screening length.
The obvious difficulty with invoking electrostatic interactions
in a system with solvated ions is that the Debye length in sat-
urated NaCl solution is about 0.1 nm, or only about one third
the diameter of a water molecule. Thus, any charged surface
coated with saturated NaCl would be completely screened by
soluble ions within the first few layers of solution, and elec-
trostatic effects would not extend over a distance comparable
to the thickness of the liquid layers observed in the present
work. The discussion below therefore attempts to complete a
purely phenomenological model of uptake of water on NaCl
nanoparticles by including the exponential term (Eq. (11)) in
the expression for the total free energy of the liquid layer.

Because a crystal of NaCl with adsorbed water is known
to be positively charged at the solid-liquid interface,49 the
prefactor K in Eq. (11) for the formation of liquid layers on
a charged surface can be calculated according to the formula
used by Bergeron,50 Hunter,51 and Israelachvili36 as 64kT n0,
where n0 is the number density of ions per unit volume in the
liquid layer. For a saturated solution of NaCl on a sparsely
charged surface, this formula gives a value for K of approx-
imately 1.5 × 109kT cm−3, the value also used by Kuni et
al.,33 whereas Shchekin et al.34 used 1 × 108kT cm−3. Noting
that none of these attempts at justification is free of difficulty,
we simply regard Eq. (11) as an empirical relation that, when
added to the right-hand sides of Eqs. (8) and (10), yields an
expression for the total free energy per unit area for formation
of the liquid layer

W̃total(�) = W̃cap(�) + W̃vdW(�) + W̃exp(�)

= αRH × � + Afilm

12π�2
+ K ξexp

(
− �

ξ

)
(12)

where K and ξ are treated as adjustable parameters. The
best fit of the 83-nm particle data occurred with ξ � 2 nm,
K � 2 × 108 kT cm−3 and Afilm � 1 kT (Fig. 4 ). The thick-
nesses of the observed layers are too large to be consistent
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FIG. 4. Measured heights (circles) as a function of RH for the 83-nm
(dry) nanoparticle shown in Fig. 1(A), and calculated heights (lines) ob-
tained by adding 83 nm to the thickness of a liquid layer formed according
to Eq. (12) without the electrostatic attraction (i.e., K = 0; dotted red line;
Afilm = 1kT ) or with electrostatic term (all others; Afilm = 10kT ). N/A means
the exponential term has been omitted.

with a screening length of 1 nm, which is ten times the Debye
length for saturated NaCl solution. This finding echoes work
by Derjaguin and Zorin, who observed that adsorption of wa-
ter, alcohols, fatty acids, and alkanes onto insoluble substrates
formed layers several nanometers thick.30, 31 The thickness of
the layers examined in those studies did not appear to corre-
late with the Debye length of the systems, and this observa-
tion may have led to Kuni’s claim that both the prefactor K
and characteristic length ξ must be determined empirically.33

In their model of a layer forming on a soluble salt crystal,
Shchekin et al.34 used a value for ξ of 2.33 nm, correspond-
ing neither to the Debye length of pure water (∼1 μm) nor to
that of a solution with greater than a 1 mM concentration of
ions (∼1 nm at 100 mM).

The thermodynamics at the solid-liquid interface requires
that the liquid layer contain ions. In addition, the results from
the Salmeron group9 are further evidence of highly polar-
izable liquid layers—that is, of NaCl solutions rather than
pure water. The assumption of a characteristic length on the
nanometer scale leads to a much better fit of the present data
than the assumption of electrostatic effects persisting only
over the Debye length. The model does not, however address
the apparent size-dependence of the thickness and curvature
of the liquid-layer.

V. CONCLUSIONS

Studies by noncontact environmental AFM revealed re-
versible growth of up to 5 nm thick liquid layers on substrate-
supported NaCl nanoparticles and a rounding of the upper
surface of particles at RH below the DRH. An observed in-
crease in the curvature at the top surface of the particle with
increasing RH suggests that some NaCl dissolves at the sur-
face between 65% and 75% RH, and a model is presented that
accounts for this result. The observed thickness is a factor of

2–4 less than those reported by other scanning probe studies
that measured surface polarizability of NaCl; a possible ex-
planation for this difference is the presence of dissolved ions
in the layer, which would increase the SPFM or ETEM signal
relative to a pure water layer, but which would have negligible
effect on the topography as measured by e-AFM. The e-AFM
method is sensitive enough to detect liquid layers 2-nm thick
on NaCl surfaces at RH as low as 70%. The lateral dimen-
sions of aerosol particles in the atmosphere may therefore be
as much as 10 nm greater at RH slightly below the DRH than
when at much lower RH. This increase in thickness due to the
presence of a liquid layer represents a previously undetected
site for atmospheric reactions in the aqueous phase, but seems
unlikely to have much impact on light scattering by such
particles.
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